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H I G H L I G H T S

• Measurement of PM10 emission rates from paved roadways under controlled conditions.
• Comparison of two mobile PM10 emission rate measurement systems with AP-42 silt sampling and flux tower measurements.
• PM10 emission rate variability with vehicle speed.
• Determination of street sweeper effect on PM10 emission rates.
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Representative soil was evenly applied to an 800-m section of road surface. The test area was of sufficient length
to allow for measurement at constant speeds of up to 72 km hr− 1. SCAMPER and TRAKER™ mobile measurement
vehicles made repeated test runs while an instrumented tower measured upwind-downwind horizontal PM10
flux. AP-42 methods were used to collect silt samples and calculate PM10 emission factors. Both silt loadings and
vehicle speeds were varied during the experiment. Street sweeping the as-found roadway showed an initial rise in
PM10 emission rates. Both TRAKER and SCAMPER measured rapid decay of PM10 emission rates after depositing
soil. Both the tower flux and AP-42 silt loading measurements were consistent with the mobile methods.
Decaying particle suspension rates suggest emission rates are a function of both vehicle speed and silt loading.
Mobile methods allow a cost-effective method of rapidly measuring PM10 emissions from roadways.

1. Introduction
Particulate matter less than 10 μm aerodynamic diameter (PM10) has
been implicated as being responsible for a wide variety of adverse health
effects that have been shown in epidemiological studies to contribute to
premature deaths (Pope et al., 1995). For this reason, concentration
standards have been promulgated by many governments to protect the
health of their citizens. These standards are routinely exceeded in many

urban areas. In order to formulate effective mitigation approaches, the
sources of the PM must be accurately known. Receptor modeling has
shown that PM10 of geologic origin is often a significant contributor to
the concentrations in areas that are in non-attainment, and a significant
portion of this geologic material has been estimated to originate from
paved roads (Zimmer et al., 1992). Since emissions from such a fugitive
source cannot, by their nature, be measured directly, they must be
calculated from the characteristics of a line source plume. This has been
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done using dispersion modeling (Venkatram et al., 1999; Kauhaniemi
et al., 2011; Denby et al., 2013), receptor modeling (Abu-Allaban et al.,
2003a), a combination of dispersion and receptor modeling (Abu-Alla
ban et al., 2003b; Kumar et al., 2004), tracer studies (Claiborn et al.,
1995; Kantamaneni et al., 1996; Ferm and Sjöberg, 2015), and
measuring the flux of PM10 though a horizontal plane downwind of the
source (Sehmel, 1973; Cowherd and Englehart, 1984; Xueli et al., 1993).
All of these methods require significant resources to characterize the
emissions from actual roadways for inventory development in addition
to presenting large uncertainties in the results.
The flux measurement studies conducted by Cowherd and Englehart
(1984), primarily in the United States mid-west region using industrial
roads, resulted in an empirical expression relating the PM emission rate
with the silt loading of the road and the mass of the vehicles. This
expression was incorporated into the U.S. Environmental Protection
Agency (EPA) document AP-42 for predicting emission rates and has
been widely used to estimate the fraction of PM10 originating from
roads. It is expressed as (U.S. Environmental Protection Agency, 2011):
E = k(sL/)0.912 (W)1.021 g/VKT

2. Methodology
2.1. Test roadway and environmental conditions
The following criteria were used to select a roadway:
• Micro-scale prevailing wind direction roughly perpendicular to the
roadway
• No trees, buildings, or other obstructions in close proximity to the
roadway
• No significantly elevated topography nearby
• No significant sources of PM10 during the study
• A generally straight and uninterrupted travel distance of approxi
mately one kilometer
A section of Veterans Memorial Highway in Boulder City, NV was
chosen for the study. Boulder City is a suburb of Las Vegas, NV located
approximately 20 km from Las Vegas. This area is considered a desert,
with less than 10 cm of annual rainfall. The roadway is a four lane
divided highway with each lane approximately 4 m wide. Each pair of
lanes has concrete curbs and gutters. The ADT of this highway averages
2400 and would be classified as either a minor collector or minor arte
rial. The test area was located at Veterans Memorial Park. Fig. 1 shows
the location of the Park with respect to Las Vegas, NV. The park was an
open landscaped space with no nearby structures. There were no local
sources of dust.
As shown in Fig. 2, the test section consisted of two 800 m long
northwest bound lanes (generally the northerly side of the roadway). All
road traffic was diverted to the southeast-bound lanes (the southerly
side of the roadway), allowing the two northwest-bound lanes and the
stabilized-soil median area to be utilized exclusively for the five-day
study.(see Fig. 2). Two hundred meter (200 m) sections on each end
were used for vehicle acceleration and de-acceleration, while the middle
400 m was traveled at a constant velocity. This configurations allowed
us to limit vehicle passes between the flux tower samplers exclusively to
the SCAMPER and TRAKER platforms, with a sampling tower located on
the north edge of the test section of roadway (generally downwind).
Fig. 2 also shows the location of AP-42 silt sampling and associated
roadway features such as traffic control (42in) cones, curbs, and light
poles. Fig. 3 is a photograph of part of the test section.

(1)

where:
E = Particulate matter emission rate in the units of g/VKT
k = A constant dependent on the aerodynamic size range of PM (0.62
for PM10)
sL = Road surface silt loading of material smaller than 75 μm in g
m− 2
W = mean vehicle weight in U.S. tons
VKT = vehicle kilometer traveled
Equation (1) is an empirical equation derived by measuring the total
flux across roadways using a PM10 monitoring array. It is based solely on
surface silt loading and vehicle weight. In developing emission in
ventories traffic counts can easily give a reasonable value for the mean
vehicle weight, but the silt loadings must be measured, which is both
labor-intensive and often unsafe or impractical. EPA default values can
be used, but there can be an order-of-magnitude uncertainty. To collect
large amounts of data safely, mobile methods using real-time analyzers
have been developed by a number of researchers (Fitz, 2001; Kuhns
et al., 2001; Pirjola et al., 2010; Mathissen et al., 2012).
While Equation (1) is widely used to calculate basin-wide emission
inventories, data used to generate the equation were derived primarily
from limited studies of heavily impacted industrial roads and public
roads affected by sanding. The quality of this equation has been ques
tioned (Venkatram, 2000) and the EPA has changed it several times over
a two decade period due to reanalysis of the data, attempts to account
for particle bounce of the impactors used, and the subtraction of PM
emissions from tailpipe, brake wear, and tire wear.
The objective of the study reported here was to perform a compre
hensive measurement of paved road emission factors under controlled
conditions. An actual roadway was used that was blocked off for our
exclusive use. A measured amount of soil typical of the area was evenly
deposited on this roadway. AP-42 silt sampling was conducted imme
diately after deposition and throughout the test period. The roadway
was then sequentially traversed by the TRAKER (Kuhns et al., 2001) and
SCAMPER (Fitz, 2001) vehicle-based mobile emission measuring plat
forms. The TRAKER has been well characterized (Etyemezian et al.,
2003, 2006), and the characterization of the SCAMPER was the subject
of Part 1 of this series (Fitz et al., 2020). While these mobile platforms
were driven on the road, an instrumented tower was used to measure the
horizontal PM10 flux from the plume generated by the vehicles. The
following presents a comparison of the PM10 emission factors generated
by four different measurement techniques under controlled conditions.

2.2. Soil selection and application
A target value of 13% silt content for the soil to deposit on the test
roadway was determined from the 50th percentile silt content when
various collector roadways in Clark County, NV were sampled using the
AP-42 protocol. The soil to deposit should therefore be generally
representative of soil collected from actual roadways. After pretesting a
site for suitable silt content, soil was excavated to a depth of 40 cm from
a site at Sunset Park in Las Vegas. The soil was sieved with a screen with
1 mm spacing and stored in sealed 20 L plastic buckets. Each bucket held
approximately 23 kg of soil. 700 g of soil were collected from each of six
of the fifty buckets for analysis. The moisture content ranged from 1.9 to
4.1 %v/v, and the mean silt fraction, determined from sieving, was
14.3% based on the mass fraction that passed through the final 200 mesh
(0.075 mm) sieve.
A Gandy (Owatonna, MN) model 1012T drop spreader was used to
deposit soil on the test roadway. This spreader is 3.66 m wide with 36
diamond-shaped openings at 10 cm spacing and has hopper capacity of
0.5 m3. The diamond-shaped openings are covered with an adjustable
plate with a numbered scale that determines how much of the diamond
is uncovered. The larger the number (which is to be used as a reference
only), the greater amount of the opening is uncovered, allowing the
material to pass through at a greater rate. The spreader’s hopper was
filled with soil from 15 buckets of the collected soil. The spreader was
weighed before and after each application to the nearest 0.5 kg with an
2

D.R. Fitz et al.

Atmospheric Environment 256 (2021) 118453

Fig. 1. Map showing the location of Veterans Memorial Park.

Fig. 2. Schematic of the test roadway.

Intercomp model SW500 automobile scale. The spreader was pulled at a
constant 5 m s− 1. Soil was applied from 26 m before the start of the
southern AP-42 sampling zone to 15 m after the end of the northern AP42 sampling zone. The opening size was adjusted to provide several

loadings which would represent impacts of moderate leakage from soil
hauling vehicles.
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Fig. 3. Photograph of the test section.

2.3. U.S.E.P.A. AP-42 silt sampling

1) Full size plots were used to estimate soil and silt loading at the
beginning and end of mobile test runs.
2) Semi-quantitative interim test plots 0.6 m long by 4.1 m wide were
laid out in the zones between the full-sized plots to evaluate the ef
fects of vehicle passes on soil depletion from the road surface.

Two zones of the course, called “south” and “north” were designated
for silt recovery (refer to Fig. 2). The south sampling zone of 37 m started
165 m from the start of the course so that the mobile technology vehicles
could complete the acceleration portion of their pass before entering the
soil sampling zone. The north sampling zone of 37 m ended 150 m from
the end of the course. Seven 3.3 m long by 4.1 m wide plots were laid out
in the south and north zones for soil sampling. Each plot was separated
by a 2.4 m buffer zone used to allow field personnel and equipment to
access the plots without disturbing the sampled area. The plot length
was selected to remain consistent as recommended by the U.S. Envi
ronmental Protection Agency (U.S. Environmental Protection Agency,
2006). The plot width was selected to recover soil from the edge of the
asphalt (at the start of the concrete gutter) to the line dividing the
eastern and western northwest-bound travel lanes on Veterans Memorial
Boulevard. Two different plot layouts were used during the empirical
study to collect soil samples:

Plots were vacuumed prior to the first test run to determine the
native silt loading. After each test set a PM10 efficient street sweeper
(Schwartz model A4000 regenerative vacuum) was used to vacuum the
entire roadway, plots and all. The sweeper was certified to meet the
South Coast Air Quality Management District’s Rule 1186 which re
quires a PM10 collection efficiency of at least 80%. The sweeper did not
use any water in sweeping. Silt samples were then collected to determine
the surface loading prior to depositing soil.
Hoover (Milwaukee, WI) Model S3636 Wind Tunnel Plus canister
vacuum cleaners using Type S Allergen Canister bags were used to
recover applied soil from the test plots. Bags were pre- and post-weighed
to the nearest gram with a Sunbeam Model 78411 Postal Scale. Hoover
4
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Brush Tools were used and replaced when the brushes wore down to 3
mm from the initial 9 mm length. Full-sized plots were vacuumed four
times, twice in the curb-to-gutter direction and twice in the front-to-back
direction. The interim plots were vacuumed twice in the front-to-back
direction.
When the surface was heavily loaded a single large plot was vac
uumed. With the surface lightly loaded two plots were vacuumed using a
single collection bag. The bag was weighed after the first plot was
vacuumed. The silt content was determined by a commercial laboratory
(Ninyo and Moore, Las Vegas, NV) according to the procedures
described in AP-42, Section 13.2.1 Appendix C2 U.S. Environmental
Protection Agency, 2006. Silt loadings were calculated by dividing
recovered silt mass by the plot area.

factors. A wind vane was mounted at the top of the tower and one cup
anemometer was approximately collocated with each pair of DustTrak
samplers. All data from the PM samplers and meteorological instruments
were telemetered and logged in 1-s intervals.
2.5. Mobile measurement technologies
Mobile technologies use vehicles to generate dust from the roadway
for on-board PM10 measurement. For SCAMPER, the PM10 in the wake
behind the vehicle is measured, whereas for TRAKER samples are taken
in back of the front tire. The section widths of the tires were similar for
all three test vehicles, with section widths from 22.5 to 26.5 cm. The tire
track widths were all approximately 2.0 m. For all test runs the vehicles
were driven down the lane in the same relative position as much as
possible, given that different drivers were used for each vehicle.

2.4. Flux measurements

2.5.1. SCAMPER (system for the continuous aerosol measurement of
particulate emissions from roads)
The SCAMPER determines PM emission rates from roads by
measuring the PM concentrations in front of (mounted on the hood) and
behind the vehicle (mounted on a small open trailer) using DustTraks. As
a first approximation, the concentration difference between the two (in
mg m− 3) is multiplied by the vehicle’s frontal area (m2) to obtain an
emission factor in units of mg m− 1, which is then expressed in the more
universal units of g/VKT. A detailed description of the system and its
development and validation was given in Part 1 of this series (Fitz et al.,
2020). A photo of the system is shown in Fig. 5.
Briefly, the SCAMPER includes five major components:

The flux of PM10 downwind of the test roadway emissions was
quantified using a flux measurement technique similar to that described
in a previous work (Gillies et al., 2005). A tower was erected downwind
of the road (Between 4 and 6 m from centerline of test vehicle travel
path) and aligned perpendicular to the road near the center of the test
section. The trailer-mounted, 9 m-high tower was instrumented with
DustTrak™ (Model 8520, Thermo Systems Inc. (TSI), Shoreview MN)
instruments configured to measure PM10 at five heights above the
ground surface (0.7, 2.1, 3.4, 6.4, and 9.8 m). At one of the heights (3.4
m), a DustTrak equipped with a PM2.5 impactor inlet was colocated with
the PM10 DustTrak. The tower also included a TEOM model 1400a
(Rupprecht and Patashnick, Albany NY), which sampled PM10 at a
height of 2.3 m. The TEOM sampling inlet was nominally colocated with
one of the PM10 inlet-equipped DustTrak monitors (at 2.1 m above
ground level). Fig. 4 is a photograph of the tower.
The DustTrak monitor measurement is based on light scattering of
particles that is dependent on the particle size-distribution and the op
tical properties of the emissions. The TEOM was intended to help ac
count for differences between optically-based measurements and massbased measurements. This allowed for conversion of emission factors
measured with the tower-mounted DustTraks into mass-based emissions

1. Tow vehicle and Trailer: A 2006 Ford Expedition was used to tow a
small (3.1 m wide by 2 m long) open flatbed trailer. The trailer was
fitted with a 1 m hitch extension to place the rear sampling inlet 3 m
behind the tow vehicle at a height of 0.8 m above the ground on the
centerline of the trailer. This position was found to give PM10 con
centrations that were representative of the mean concentration of
PM10 in the wake of the tow vehicle (Fitz, 2001).

Fig. 4. Photograph of Master (left) and Satellite (right, not used in present study) towers showing locations of DustTrak PM10 monitors. For present study, only one
PM2.5 inlet-equipped DustTrak was used on the master tower at a height of 3.4 m above ground level.
5
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Fig. 5. Photograph of the SCAMPER.

2. PM10 Sensors: TSI (Shoreville, MN) Model 8520 DustTrak optical PM
sensors with PM10 inlets were used.
3. Isokinetic Sampling Inlets: A custom made inlet where the inlet speed
is matched to the air speed by a PC that monitors the static air
pressure and adjusts the inlet pressure to match it by controlling a
vacuum pump (mounted on the trailer). This condition creates a nopressure-drop inlet; therefore, the sampled air stream has the same
energy as the ambient air stream.
4. Global Positioning System: Garmin (Kansas City, MO) Map76 GPS
was used to determine vehicle speed and location.
5. Data Collection System: A laptop PC was used to collect GPS and
DustTrak data at 1 s intervals in addition to controlling the inlet
vacuum pumps.

2.5.2. TRAKER
The TRAKER determines PM emission rates from roads by sampling
through inlets mounted near the rear of the front tire of a vehicle to an
optical real-time sensor to measure the PM concentration. The concur
rent background concentration, measured using an inlet mounted on the
vehicle away from the tire, is subtracted from concentrations sampled by
the inlet. The net response is calibrated by comparing with roadway PM
emission rates determined by horizontal flux sampling at a single loca
tion. Details of the system and its calibration have been previously
described (Kuhns et al., 2001; Etyemezian et al., 2003, 2006). Fig. 6
shows a photograph of TRAKER II.
TRAKER is comprised of a van that has been equipped with three
exterior steel pipes (19 mm ID) acting as inlets for the onboard in
struments. Two of the pipes are located behind the left and right front

Fig. 6. Photograph of TRAKER II.
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tires and are used to measure emissions from the road surface by the
rotating tires. The third pipe runs along the centerline of the van un
derneath the body and extends through the front bumper. These pipes
enter the cargo compartment of the van through the underbody. Each
pipe then goes into a plenum/manifold. A vacuum pump, needle valve
and rotameter are used to maintain a flow rate of 75 l min− 1. The
plenum is 60 cm long and 3.5 cm inside diameter. A TSI DustTrak with
PM10 inlet was operated at each plenum. A laptop PC collected data with
1-s frequency from the onboard DustTraks as well as speed, location, and
acceleration from a Promark GPS (Ashtech, Inc. Sunnyvale, CA).

Table 1
Summary of test procedures.
Set
ID

Date

Time (Local)

Activity

Vehicle

Speed
km
hr− 1

Total
Passes/
Passes
per
vehicle

1

9/
11
9/
11
9/
11

11:55–13:15

No silt

56

60/20

13:35

Sweep

NA

NA

13:52–14:18

56

30/10

9/
11
9/
11

14:30

Tractor/
spreader
All test
vehicles

NA

NA

56

27/9

9/
11
9/
12
9/
12

17:00

Test: After
sweeping, no
silt applied
Silt applied
to test road
Test: After
application
of silt
Sweep

All test
vehicles
Street
sweeper
All test
vehicles

Street
sweeper
Tractor/
spreader
All test
vehicles

NA

NA

NA

NA

72

30/10

9/
12
9/
12
9/
12

11:05

Street
sweeper
Tractor/
spreader
All test
vehicles

NA

NA

NA

NA

40

42/14

9/
12
9/
13
9/
13

15:00

Street
sweeper
Tractor/
spreader
All test
vehicles

NA

NA

NA

NA

72

30/10

9/
13
9/
13
9/
13

11:09

Street
sweeper
Tractor/
spreader
All test
vehicles

NA

NA

NA

NA

40

30/10

9/
13
9/
13
9/
13

14:00

Street
sweeper
Tractor/
spreader
All test
vehicles

NA

NA

NA

NA

72

36/12

9/
13
9/
14
9/
14

17:00

Street
sweeper
Tractor/
spreader
SCAMPER
only

NA

NA

NA

NA

56

10/10

9/
14
9/
14
9/
14
9/
14
9/
14
9/
14

9:20–9:50

All test
vehicles
Street
sweeper
All test
vehicles
Street
sweeper
Tractor/
spreader
All test
vehicles

56

12/4

NA

NA

56

30/10

NA

NA

NA

NA

40-5672

27/9

9/
14

14:30

Street
sweeper

NA

NA

NA

NA

2

2.6. Experimental design
2.6.1. Testing prior to soil application
The native road dust on Veterans Memorial Boulevard was first
sampled by the AP-42 recovery technique before any passes were made
by the mobile technology vehicles. Emissions from the native road dust
were then measured by the mobile technology sampling vehicles and the
flux towers. The mobile technologies included SCAMPER and two
TRAKERS (designated TRAKER 1 and TRAKER 2). They were run in that
order throughout all mobile testing unless otherwise indicated. TRAKER
2 involved a slight variation of TRAKER 1 and gave similar overall re
sults. For this reason, only the results from TRAKER 1 will be presented
here. After a series of 60 sampling passes, the PM10-efficient sweeper
was driven twice over the site to remove native road dust. Another 30
sampling passes by the test vehicles then took place.

3

4

5

2.6.2. Testing with applied soil
After soil application and silt loading measurement, multiple test
passes were made with the mobile sampling systems. Flux measure
ments were made with every vehicle pass. Silt sampling was conducted
at various times between vehicle passes and at the end of the test set. At
the conclusion of a test set, the roadway was swept with the PM10-effi
cient sweeper prior to another application of soil. Both the applied soil
loading and nominal test vehicle drive speeds were varied for the test
runs. Table 1 summarizes all of the test procedures. All test sets were
conducted at a constant speed except for sets 12 and 13. For these sets
three speeds were used: 40, 56, and 72 km h− 1. Each mobile sampler ran
one pass at the lowest speed, then the intermediate speed and finally the
highest speed. The speed order was then reversed after each set of nine
passes were completed. Except for the first two sets of measurements,
where test vehicles traversed the test course in both directions, vehicles
traversed the course from the eastern end of Veterans Memorial High
way towards the west/northwest.

6

7

8

3. Results and discussion
3.1. AP-42 silt sampling
9

3.1.1. Silt recovery
Table 2 shows the amount of soil applied and the amount of silt
recovered from vacuuming sections of the roadway immediately after
application. The amount recovered was expected to be a qualitative
check to determine the consistency of the soil application process. The
application for set 13 was conducted during a period of high winds and
therefore poorer recovery was expected. The amounts recovered was
otherwise in reasonable agreement with the amount applied.

10

11

3.1.2. AP-42 emission rates
AP-42 emission factors were calculated for the observed silt loadings
using Equation (1). A weight of 2.88 U.S. tons (2.62 metric tons) was
chosen for W based on the arithmetic mean of the three mobile test
vehicles. No correction was made for brake and tire wear since no
braking occurred on the test portion of the roadway and mobile methods
did not show significant PM10 emissions when operated on wet
roadways.

12

15:17–16:30

9:15
10:15–11:00

13:00
13:35–14:40

9:00
9:40–10:25

12:15
12:45–13:35

14:45
15:20–16:15

8:00
8:40–9:20

10:05
10:25–11:20
11:30
12:30
13:10–14:05

8:00

Silt applied
to test road
Test: After
application
of silt
Sweep
Silt applied
to test road
Test: After
application
of silt
Sweep
Silt applied
to test road
Test: After
application
of silt
Sweep
Silt applied
to test road
Test: After
application
of silt
Sweep
Silt applied
to test road
Test: After
application
of silt
Sweep
Silt applied
to test road
Test:
Depletion of
silt
Test: Prior to
sweeping
Sweep
Test: After
sweeping
Sweep
Silt applied
to test road
Test: After
application
of silt
Sweep

(continued on next page)
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qualitative sampling during the set of passes. All AP-42 data were
therefore included in the analysis. Note that in Fig. 7 both the TRAKER 1
signal and the AP-42 emission rate increased substantially after the
initial sweeping was conducted and remained so after two dozen passes
of the test vehicles. This is likely due to the sweeper both pulling debris
from the interstitial surfaces of the pavement and the redistribution of
debris on the roadway from areas not generally impacted by vehicle
wheels. The TRAKER 1 signals for the “as found” roadway were signif
icantly lower than any other test set. This indicates that the “equilib
rium” PM10 emission rates for roads in use are lower than swept roads.
Fig. 7 also shows that both the AP-42 emission rates and the TRAKER
1 responses show a rapid decline after the soil was placed on the
roadway followed by a slower decline after several more passes of this
test vehicle. This is likely due to the initial passes encountering more
exposed soil and that these early passes aerosolize some of these exposed
deposits and redistributes the remaining soil to the pits and cracks of the
asphalt’s surface where it is more difficult to aerosolize. This phenom
enon was also observed in the results from TRAKER 2, SCAMPER, AP-42
silt loadings and tower horizontal PM10 flux measurements. Based on the
AP-42 measurements, it is likely that the later passes (≥9 total or 3
TRAKER I) more accurately reflect the slower, steadier emission decline
of PM10 road dust that occurs on paved roads in general use. Total passes
≥9 were therefore used when comparing the results from the various
methods using the robust data set of further passes.

Table 1 (continued )
Set
ID

13

Date

9/
15
9/
15

Time (Local)

Activity

Vehicle

8:30–11:15

Silt applied
to test road
Test: After
application
of silt

Tractor/
spreader
All test
vehicles

Speed
km
hr− 1

Total
Passes/
Passes
per
vehicle

40-5672

84/28

Table 2
Soil applied and recovered for all applications.
Set
#

Spreader
opening
setting

Net wt
applied,
kg

Applied
soil loading
g m− 2

Recovered silt
loading, g
m− 2

Silt
recovery,
percenta

3
4
5
6
7
8
9,10
12
13

15
30
30
15
15
20
20
30
35

20
53
51
15
15
24
24
54
88

6.16
17.17
16.58
4.99
4.7
7.63
7.78
17.61
28.47

0.75
2.48
3.17
0.88
0.74
1.14
0.8
2.55
2.31

85
101
134
123
110
104
72
101
57

a

3.2. Flux tower PM10 emission rates

Based on soil with 14.3% silt content.

3.2.1. Data validation
Two factors were used to determine if a specific flux measurement
associated with a specific vehicle pass was valid. First, the 1-s wind di
rections over the duration of the three intervals – pre-peak background,
peak, and post-peak background were examined. In cases where the
average wind direction over the three intervals was within 45 degrees of
the perpendicular line drawn between the tower and the road segment

Fig. 7 shows the AP-42 PM10 emission rates determined from all silt
sampling conducted. Note that during set 5 qualitative AP-42 mea
surements were started and the data presented. Also shown is the raw
pass-averaged response from TRAKER 1. There was no detectable dif
ference between the full AP-42 sampling generally conducted at the
beginning and the end of a set and the smaller area sampled in the semi-

Fig. 7. Time series of AP-42 emission rates and set-averaged TRAKER 1 raw signal. Vertical lines represent times when the road was swept and silt was applied, while
double vertical lines represent times when the road was swept only. Numbers at the top correspond to different measurement sets. In sets 12 and 13 the vehicle’s
speed was varied.
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and the wind speed was relatively constant (i.e. holding at >1 m/s from
the same general direction), the wind direction was considered valid. In
cases where the average wind direction was outside of this 90-degree
window (45◦ in each direction about the perpendicular), 1 s data were
examined. If the wind direction was always ≤75◦ from the perpendic
ular, the wind speed was relatively constant, and fluctuations in wind
direction did not exceed 30◦ , the wind direction was considered valid. In
all other cases, wind conditions were considered to invalidate the hor
izontal flux measurement.
The second factor in determining the validity of a specific tower
measurement was the noise level of the baseline PM10 concentration.
During occasional periods of high wind, wind-entrained dust clouds
often passed by the flux tower. These high and spurious concentrations
of PM10 rendered the baseline from which peak values were estimated
extremely noisy. In other cases, the passage of a large vehicle on the
south side of Veterans Memorial Highway would sometimes result in a
temporary spurious baseline reading. The entire time series of data from
the flux towers was examined to flag periods when the baseline was too
noisy for a measurement. Those data were considered invalid and were
discarded.

tend is the peak end time
u is the wind speed (m s− 1)
C is the measured concentration (g m− 3)
C0 is the background concentration over the period tbegin - tend (g m− 3)
H is the height (m) of the section of the flux plane represented by
position i
• θ is the angle of the 1-s wind direction relative to the flux plane
• α is the experimental constant (2.4) used to convert DustTrakmeasured PM10 concentrations to mass equivalent PM10.

•
•
•
•
•

When PM10 peak values were clearly associated with the test vehicle,
the peak curves were divided into three intervals. The first interval
corresponded to the background PM10 concentration prior to the peak
and included the 10–30 s period that ends with the peak start time. The
second interval was bounded by the peak start and stop times (giving the
values of tbegin and tend), which were determined visually as the instance
when any of the tower-mounted DustTraks began exhibiting a peak in
concentration to the instance when all of the tower-mounted DustTraks
exhibited a return to baseline concentration values. The third interval
corresponded to the background PM10 concentration after the end of the
peak and included the 10–30 s period after the peak stop time. The first
and third intervals were aggregated to estimate the baseline average
PM10 concentrations (C0 in Equation (2)) for each DustTrak and the
noise level (standard deviation) exhibited by the background signal. For
cases where a peak was not clearly discernible, the peak duration was
assumed to span 20 s that were centered on the recorded vehicle passage
time. Horizontal fluxes calculated using Equation (2) yielded an emis
sion factor in units of gram PM10 per kilometer traveled for every time a
test vehicle passed through the test course and wind conditions and
background PM10 levels were considered acceptable for providing a
valid measurement.
It was expected that non-steady plumes from a moving line source
would be quite erratic and the instantaneous spatial distribution of
concentration would not resemble a Gaussian profile. Furthermore,
owing to the random nature of plume dispersion, the flux measured at a
point in space is likely to vary considerably from one event (e.g., passage
of a vehicle) to the next. This inherent variability of tower-derived flux
measurements required data by measurement set in order to filter out
some of the measurement noise. This poses a challenge because the road
dust loading on the test road was not constant over the course of the
study, and indeed was changing over the course of a single set of mea
surements. The horizontal fluxes were averaged for each vehicle for all
valid measurements after the first nine passes. The results were (4.1 ±
0.7), (5.0 ± 1.2), and (5.0 ± 2.0) g/VKT for TRAKER 1, TRAKER 2, and
SCAMPER, respectively – not a statistically significant difference by a
Student’s Test. The use of an average silt mass for the AP-42 equation
was therefore justified. For each set all valid tower flux measurements
were averaged together regardless of the test vehicle. Using a minimum
criterion of 10 valid vehicle passes per set invalidated sets 6, 7, 9, and
12.

3.2.2. DustTrak mass correction
The DustTrak monitor measurement is based on light scattering of
particles which is dependent on the particle size-distribution and the
optical properties of the particulate matter. PM10 measurements with
the DustTrak were compared to two types of mass-based PM10 mea
surements. First, the DustTrak located at 3.4 m on the flux tower was
compared to the TEOM measurements at the same height, also located
on the tower. Second, in-lab tests were used to more accurately obtain a
relationship between the DustTrak measurements and mass-based
measurements. The correlation between the DustTrak and TEOM on
the tower is quite noisy, but shows that DustTrak values would have to
be multiplied by a factor of 2.8 ± 0.6 to obtain mass-equivalent PM10.
In the laboratory, we constructed a chamber in which silt material
that was used to seed the test track was injected and suspended. Mea
surements of the PM10 inside the chamber were made with the Dust
Traks as well as filter samples. The dust-laden air from the chamber was
drawn through size-selective impactors and subsequently directed to
Teflon-membrane filters which were pre- and post-weighed to deter
mine the PM10 mass concentration. The relationship between gravi
metric mass concentration and DustTrak concentration was PM10
(gravimetric) = (2.4 ± 0.2) × PM10 (DustTrak) with a correlation co
efficient (R2) of 0.84. Based on these two sets of colocated tests, one
conducted in the field and the other in the lab, we chose a DustTrak
correction multiplier of 2.4 corresponding to the in-lab measurements.
All DustTrak data from the horizontal flux tower were multiplied by this
factor.
3.2.3. Horizontal PM10 flux and emission rate calculation
Horizontal PM10 fluxes were calculated from the tower data for all
individual passes that met the validation criteria outlined previously.
The approach for calculating the horizontal PM10 flux was to assume
that the tower was located in a flux plane parallel to the road and that
the multiple vertical measurements of wind speed, wind direction, and
DustTrak PM10 concentrations each represented a discrete section of the
tower height. An emission factor (EF, g km− 1) for each vehicle pass was
calculated using the equation:
[
]
tend
5
∑
∑
)
(
EF = α
ut,i ⋅ Ct,i − C0,i,tbegin − tend ⋅Hi ⋅cos(θ) × 1000
(2)

3.3. Comparison of horizontal flux emission rates with AP-42 silt
sampling
Fig. 8 compares set-averaged AP-42 silt-based emission factors and
set-averaged PM10 horizontal flux emission factors. Only data after the
first nine vehicle passes were used to calculate the averages. The dotted
line in the Figure represents a least-squares linear fit to these data. The
R2 value of 0.49 is poor (p > .05, two-tailed) and the zero intercept is
quite high. These values likely indicate the large amount of variability of
the flux tower measurements, since the AP-42 values are more internally
consistent.

i=1 t=tbegin

where:
i refers to the vertical section represented by the DustTrak height.
• t is the time (s)
• tbegin is the peak start time
9
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Fig. 8. Flux tower-based PM10 emission factors versus AP-42 silt-based PM10 emission factors. Emission factors are averages after the first nine vehicle passes.

3.4. Mobile methods

the DustTrak. On the time constant we selected (which is the shortest
available) the DustTrak output is a 2-s running average that is updated
every second. A large spike in a 1 s period will therefore show up as two
smaller spikes for two consecutive seconds. To filter this noise, we
tabulated these data as 5-s running medians. Two-second anomalous
spikes therefore would be removed from the data set. The running me
dians were corrected for the zero response for each analyzer. The final
data were submitted as 5 s running means of the 5 s running medians to
further filter noise.
The differences between the front and rear DustTraks were calcu
lated and the results were multiplied by the frontal area of the Ford
Expedition (3.66 m2), to yield the emission factor in mg m− 1, and then
expressed as g/VKT. To convert the DustTrak data to a mass-based PM10,
the data were then multiplied by the same correction factor of 2.4 as was

3.4.1. SCAMPER
Data for the test track were selected from the GPS coordinates of the
test track boundaries and the heading of the SCAMPER. There were
occasional periods when the GPS did not report data, most likely due to
interferences in the sight path to a satellite. In these cases the cell was
filled with the average of the position before and the position after. The
output of the rear DustTrak occasionally spiked, either positive or
negative, most likely due to physical shock. These spikes always showed
up for two consecutive seconds. These were unlikely to be associated
with an actual PM10 concentration, as concentrations rarely change to
that degree in less than 1 s. The 2-s characteristic of this noise spike is
also expected from the internal averaging and output characteristics of

Fig. 9. Set-averaged emission factors for the Flux Tower PM10 emission factors vs SCAMPER emission factors. Emission factors are averages after the first nine
vehicle passes.
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used for the tower DustTraks. Averages and standard deviations of this
emission rate data were calculated for each test pass and for the entire
test set. Fig. 9 compares the set-averaged SCAMPER emission factors
with the set-averaged (for all test vehicles) flux tower measurements. As
previously mentioned, sets 6, 7, 9, and 12 were considered invalid for
tower measurements. The dotted line in the Figure represents a leastsquares fit to these data. The plot shows considerable scatter, but
given variability of the flux tower measurements and that the SCAMPER
data were in no way “calibrated” with the flux tower, the agreement is
reasonable and the computed value of R2 = 0.58 is significant by Stu
dent’s t-test at the p < .05 level (two-tailed).

route in the eastbound (instead of the primarily used westbound) di
rection. Note that eastbound passes were conducted in the lane adjacent
to the one where westbound passes were completed. The ratios for the
eastbound passes were higher than 1.0 while the ratios for the west
bound ones were lower than 1.0 when the winds were generally above 3
m-1. This indicates that the wind and the direction may have an influ
ence on the measurements. The wide variability of ratios with wind
speeds greater than 6 m− 1 indicates that the TRAKER data may not be
reliable above this speed. The highest ratios were observed in set 11
when the sweeper had redistributed the dust on the roadway. Having
noted these asymmetries, the actual PM10 emissions are a combination
of the signals from both sides of the vehicle. Thus, using the average of
the left and right signals is appropriate for estimating road dust
emissions.
To convert the TRAKER concentration measurements to an emission
factor, it was necessary to compare the data with the tower emission
factors. Set 2 was also considered invalid because the ratio of left inlet to
right inlet PM10 concentrations was far outside of the range of any other
measurements. Fig. 11 shows the average measured PM10 tower flux for
all test vehicles plotted against the average TRAKER signal after nine
vehicle passes. The dotted line in the Figure represents a least-squares
linear fit to these data. The least-squares linear fit was used to cali
brate the TRAKER. The computed value of R2 = 0.60 is significant by
Student’s t-test at the p < .05 level (two-tailed).

3.4.2. TRAKER
All TRAKER data were retarded 3 s in order to account for the time
that it takes for the air at the inlets to move through the inlet lines and
plenum to the DustTrak sampling nozzle. The TRAKER signal was
calculated for all valid data points on the test route using the following
equation:
Ti = (CRt + CLt ) / 2 − CBt

(3)

Where:
• Ti is the raw TRAKER signal in mg m− 3 at time t
• CR, CL, and CBt are the concentrations (mg m− 3) respectively
measured at the right, left, and middle (background) inlet.

3.4.3. Comparison of mobile methods
Fig. 12 compares the corrected emission factors for SCAMPER and
TRAKER 1 averaged for each set after the first nine vehicle passes. Given
the variability of the passes, the correlation between the two is quite
good, although SCAMPER values are approximately half of those of the
TRAKER. The computed value of R2 = 0.87 is significant by Student’s ttest at the p < .001 level (two-tailed).

Data corresponding to the test route were selected by imposing limits
on the latitudes and longitudes of the GPS coordinates as well as the
direction of travel of the vehicle. Depending on the speed of travel on the
test route, between 28 and 57 data points were collected per pass.
Fig. 10 plots the ratio of pass-averaged right and left TRAKER 1 p.
m.10 concentration signals and tower wind speed as a function of pass
number for the entire study. This Figure shows that the concentration on
the right and left side signals were not equal when the winds were above
2 ms− 1. The vertical lines in the Figure indicate the beginning of a new
measurement set, and the squares indicate passes along the same test

3.4.4. Comparison of mobile methods with AP-42
Before making this comparison, it is instructive to study the time
series for all three emission factor methods as shown in Fig. 13. Note in

Fig. 10. Time series of ratio of TRAKER pass-averaged right to left inlet signal ratios and pass-averaged wind speed (m s− 1). Squares denote passes where travel was
in the eastbound direction. Vertical lines represent times when the road was swept and silt was applied, while double vertical lines represent times when the road was
swept only. Numbers at the top correspond to different measurement sets.
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Fig. 11. Tower PM10 Flux versus TRAKER PM10 concentration signal averaged over measurement sets.

Fig. 12. SCAMPER vs TRAKER emission factor correlation for all valid run sets.

of R2 = 0.71 is significant at the p < .05 level (two-tailed).

sets 12 and 13, when the speed was varied, the mobile methods show
good agreement with each other and also show increased emissions with
vehicle speed that is not reflected by the AP-42 emission factors calcu
lated from silt loadings. The current AP-42 silt-based emission factor
does not include a speed term and must assume that the silt concen
tration is in equilibrium. This is clearly not the case in sets 12 and 13,
and complete equilibrium may not have been achieved in the other sets
which were conducted at various constant test speeds.
Fig. 14 plots the set-averaged emission factors for both mobile sys
tems and the AP-42 measurements after the first nine passes excluding
sets 12 and 13. Considering the variability of the measurements and that
full silt equilibrium may not have been achieved, the mobile systems
compare reasonably well with the AP-42 derived emission factor. For
TRAKER, the computed value of R2 = 0.61 is significant by Student’s ttest at the p < .05 level (two-tailed). For SCAMPER the computed value

3.4.5. The effect of vehicle speed
As noted in the previous section, the PM10 emission rate measured by
the mobile systems was dependent on the vehicle’s speed. Sets 12 and 13
were used to evaluate the PM10 emission rate as a function of speed. Set
13 TRAKER 1 passes were separated into four complete cycles, with each
cycle consisting of two 40 km h− 1, two 56 km h− 1, and two 72 km h− 1
passes. Using only the TRAKER 1 signal from the right side of the vehicle
(the side sheltered from direct southerly crosswinds which were prev
alent during Set 13), the TRAKER 1 signals from the two 40 km h− 1
measurements within each cycle were averaged and assumed to reflect
the average condition of the roadway over the cycle. The two 56 km h− 1
measurements within each cycle were averaged together as were the two
72 km h− 1 measurements. To account for cycle-to-cycle changes in road
12
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Fig. 13. Time series plot of emission factors from corrected mobile methods and AP-42 silt measurements.

Fig. 14. Correlations of run averaged corrected mobile PM10 emission factors with AP-42 p.m.10 emission factors.

conditions, these averages were normalized to the 40 km h− 1 average for
each cycle. The results of this normalization for each of the four cycles is
shown in Fig. 15, as are the normalized data averaged over all four cy
cles. A least squares power-fit to the 4-cycle average results in a
regression exponent of 3.1 with an R2 value of 0.9998. A similar analysis
of the SCAMPER data without normalizing, but excluding the first nine
passes resulted in an exponent of 3.4 and an R2 value of 0.996. Both
computed values of R2 are significant by Student’s t-test at the p < .05
level (two-tailed.

3.5. Discussion
PM caused by vehicles aerosolizing debris from the surfaces of paved
roads is a significant source of air pollution in many areas of the world.
Measurements of these PM emission rates are essential to assess the
magnitude of the problem and to implement control strategies such as
street sweeping and washing. Without using mobile methods, emission
rates are often determined by implementing upwind-downwind mea
surements and then using statistical tools to determine emission rates.
These studies are labor intensive, often expensive and may be incon
clusive. They also do not provide real-time emission factors to evaluate
control strategies.
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Fig. 15. The TRAKER 1 signal at each speed normalized to the average signal at 40 km h−
the average value for all cycles.

Amato et al. (2010), for example, reported that only high
time-resolved detailed ambient chemical measurements characterizing
pollutants from road dust resuspension showed that street cleaning may
have some beneficial effect. They noted that emissions were continu
ously mixed with local polluted air making it difficult to determine the
effectiveness of street cleaning and suggested cleaning a larger area.
Amato et al. also reported an average PM10 emission factor of 0.10
g/VKT. This value is similar to the SCAMPER and TRAKER I values of
0.15 and 0.09, respectively, that we measured on the initial “as found”
roadway test. Other researchers have utilized the TRAKER and
SCAMPER techniques and this study will allow them to evaluate the
uncertainties of their measurements and provide calibration factors for
the TRAKER method. For example, Han et al. (2007) surveyed streets in
Korea with a TRAKER-based method and reported silt loadings varying
from 0.02 to 0.4 mg m− 2. Although it was not clear how the TRAKER
data was converted to a silt loading, the comparison of the TRAKER and
the AP-42 method reported here would offer an additional approach to
this conversion. Mathissen et al. (2012) used the SCAMPER approach
combined with tracer gas measurements to measure PM10 emissions on
both paved and unpaved roads. On a 19 km long city route, the emis
sions varied from 0.009 to 0.063 g/VKT with an average of 0.026 g/VKT.
These values are all less than the average of 0.15 g/VKT that the
SCAMPER measured on the “as is” roadway, but it was not clear what
correction factors these researchers used.
Two techniques similar to TRAKER have been reported for
measuring PM emissions from vehicles by sampling behind a wheel.
“Emma” described by Hussein et al. (Hussein et al., 2008) uses inlets
behind each of the front tires of a Volkswagon van and one below the

1

in the same cycle. Data are shown for four consecutive cycles as well as

front bumper. DustTraks were used to sample all three, while an optical
particle sampler monitored the size-distribution from the inlet mounted
at the right tire. “Sniffer” reported by Pirjola et al. (Pirjola et al., 2004)
uses two background inlets, one above the windshield and the other
above the front bumper, in addition to an inlet mounted behind the left
rear tire. PM concentrations were characterized for mass in near time
with a Tapered Element Oscillating Microbalance (TEOM) and for size
distribution with an Electrical Low Pressure Impactor (ELPI). While both
of these techniques were useful to determine the relative PM emission
rates of various road surfaces, speeds and tires, no attempt was made to
derive emission factors from the concentrations measured. Comparison
with emission factors derived from silt loadings would be a use approach
to relate the emission factors of all of the other mobile methods.
PM emission factors from paved roads in Sweden were determined
by Ferm and Sjöberg (Ferm. and Sjöberg, 2015) using NOx as a tracer gas
and making hourly curbside measurements of PM and NOx in addition to
traffic counts. The PM10 annual average emission factor was 0.06 g/VKT
for the two cities in which measurements were made. While this average
was somewhat smaller than SCAMPER and TRAKER measured on the “as
is” roadway, the overall the agreement is reasonable given the differ
ences in roadways and measurement methods.
4. Summary and conclusions
The results presented here represents the most comprehensive
experiment yet reported in measuring fugitive PM10 emissions from
paved roads. An actual road was used with complete control of traffic
and having an evenly-spread known amount of representative local
14
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parent soil applied to the surface. The PM10 emission rates from vehicles
was then measured using all four of the reported measurement methods:
silt sampling, flux estimations, and two mobile real-time techniques.
Table 3 shows the pass-averaged emission factors for all of these
methods.
One of the primary conclusions based on this method comparisons is
that there is considerable scatter in these data which indicates that none
of the methods could be used as an accuracy standard, although the flux
tower method is the closest to a first-principles measurement of emis
sions. We also observed, based on the AP-42 silt measurements, that
applied soil is initially rapidly removed by vehicles, which could reflect
a different process than when a plateau is reached after a number of
passes that may depend on initial loading and vehicle speed. The mea
surement of PM10 emissions before and after street sweeping indicate
that such sweeping may not be an effective mitigation method, and in
fact may temporarily increase emission rates.
All three methods, Flux Tower, TRAKER and SCAMPER, were in
reasonable agreement with each other given the variability of the
measurements of such fugitive dust emission sources. Both mobile sys
tems were in very good agreement with statistically significant co
efficients of determination, even though the TRAKER results were
calibrated to the flux tower and SCAMPER were not. Both TRAKER and
SCAMPER emission factors were reasonably correlated with calculated
AP-42 emission factors, but exhibited higher values. This may have been
due to the applied silt content not reaching equilibrium and the effects of
vehicle speed on the mobile measurements. It should be noted that a
previous SCAMPER comparison with AP-42 emission factors computed
from in situ silt recoveries on in-use roadways in Las Vegas, NV yielded a
slope of 1.16 if the SCAMPER measurements were mass-corrected by a
factor of 2.4 instead of the 1.25 as previously reported (Fitz et al., 2020).
This is in reasonable agreement with the slope of 1.60 reported here.
Mobile methods reported in this work have been shown to be com
parable to the much more resource-dependent silt sampling and flux
measurement approaches and provide a number of significant advan
tages. Mobile methods can be used on roadways without barricading
lanes required for silt sampling and can also collect data from heavily
traveled high-speed roadways where it is neither feasible nor safe to
collect silt samples. A large amount of data can be collected rapidly with
mobile methods at reasonable cost. There are, however, several factors
that can influence the results obtained using these methods. The vehicle
must be representative of those on the roadway. It should also be driven
so that the position of the wheels on the surface and the speed is typical
of that used by the traffic. It is also best to perform these measurements
when the wind is calm.
These methods can also be used to monitor the results of activities
that result in deposition of soils on roadways for mitigation or
enforcement purposes. Due to the demonstrated strong dependence of
emissions as a function of vehicle speed, it is, however, important that
the speeds used by the mobile sampling platforms during data acquisi
tion are typical of the in-use roadway. The SCAMPER system has the
added advantage of being easily moved from one vehicle to another to
match the typical vehicle mix on a given roadway.

Table 3
Pass-averaged (after the first nine passes) emission factors for all measurement
methods and all 13 sets.
Set

AP-42 g/VKT

Flux g/VKT

SCAMPER g/VKTa

TRAKER I g/VKT

1
3
4
5
6
7
8
9
10
11
12
13

0.36
0.63
1.68
2.22
1.00
0.89
0.58
0.88
0.33
0.76
0.57
0.51

1.11
2.3
8.87
5.32

0.15
1.11
3.11
3.18
2.40
1.50
1.73
2.33
0.42
0.29
1.55
1.74

0.09
3.57
6.42
6.92
3.71
2.51
5.72

a

5.07
2.48
4.79

1.87
1.99
5.22
2.39

Correction factor of 2.4 applied.
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